Human telomerase reverse transcriptase (hTERT) is overexpressed in most human tumors, making it a potential target for cancer immunotherapy. hTERT-derived CTL epitopes have been identified previously, including p865 (RLVDDFLLV) and p540 (ILAKFLHWL), which are restricted by the human leukocyte antigen (HLA) class I A*0201 allele. However, it remains a major challenge to efficiently and consistently expand hTERT-specific CTLs from donor peripheral blood T lymphocytes. To bypass the need for generating conventional antigen-presenting cells (APCs) on an autologous basis, we investigated the potential ability of fibroblast-derived artificial APCs (AAPCs) to activate and expand HLA-A*0201-restricted CTLs. We show here that AAPCs stably expressing HLA-A*0201, human B 2 -microglobulin, B7.1, intercellular adhesion molecule-1, and LFA-3, together with either p540 and p865 minigenes or the full-length hTERT, effectively stimulate tumoricidal, hTERT-specific CTLs. hTERT-expressing AAPCs stimulated both p540 and p865 CTLs as shown by peptide-specific cytolysis and tetramer staining, indicating that hTERT is processed by the AAPCs and that the two peptides are presented as codominant epitopes. The level of cytotoxic activity against a panel of tumors comprising hematologic and epithelial malignancies varied, correlating overall with the level of HLA-A2 and hTERT expression by the target cell. Starting from 100 mL blood, f100 million hTERTspecific CTLs could be generated over the course of five sequential stimulations, representing an expansion of f1 Â 10 5 . Our data show that AAPCs process hTERT antigen and efficiently stimulate hTERT-specific CTLs from human peripheral blood T lymphocytes and suggest that sufficient expansion could be achieved to be clinically useful for adoptive cell therapy. (Cancer Res 2005; 65(12): 5417-27) 
Introduction
Adoptive cellular therapy with CTLs represents an emerging and potentially powerful approach for the treatment of cancer and infectious diseases (1) (2) (3) . This therapy involves the isolation of antigen-specific human leukocyte antigen (HLA)-restricted CTLs either from a patient or from a donor, which is followed by ex vivo expansion and T-cell infusion into the patient (1) (2) (3) . Adoptive cellular therapies have been applied successfully to several hematologic malignancies, including relapsed chronic myelogenous leukemia after bone marrow transplant (BMT; ref. 4) , high-grade B-cell lymphomas relapsed after BMT (5) , and EBV-associated lymphomas after BMT (6) . Recently, some patients with melanoma have shown objective responses following gp100 (7) or tyrosinase (8) specific T-cell infusions. Some patients with renal cell carcinoma (9) have also responded to therapy.
Human telomerase reverse transcriptase (hTERT), the catalytic subunit of telomerase, is an attractive potential target antigen because of its expression in the vast majority of human tumors (10) (11) (12) (13) . Normal adult tissues, with few exceptions, do not express this protein (14) . Telomerase is also targeted because of the critical role it plays in tumor development and survival (13, (15) (16) (17) (18) (19) (20) . The therapeutic strategies under investigation include functional inhibition by genetic and pharmacologic approaches (15, 16, 18, 19) as well as immunotherapy (20) . hTERT contains several HLA-restricted-binding motifs that have been used to generate tumoricidal CTLs (21) (22) (23) . Minev et al. found that immunization of patients with prostate cancer with two HLA-A*0201 + -restricted peptides from hTERT, p540 (ILAKFLHWL) and p865 (RLVDDFLLV), developed hTERT-specific CTLs that specifically lysed a variety of HLA-A*0201 + cancer cell lines (24) . Recently, HLA class II peptide epitopes from hTERT that can be used to induce T-helper cells have also been identified (25, 26) . Thus, hTERT is a potential immunogenic antigen that could be used for tumor-specific CTL induction.
Current adoptive T-cell therapy targeting tumor antigens, however, is limited due to the difficulty in generating clinically relevant quantities of tumor-specific CTLs. The expansion of tumor-specific T cells requires potent antigen-presenting cells (APCs), which include dendritic cells, macrophages, and B cells (27) (28) (29) , to maximize T-cell stimulation. However, the isolation and expansion of these cells on an autologous basis, which is necessary to match the T cell's HLA restriction, are time-consuming processes that hinder the broad implementation of adoptive therapies. Novel approaches and user-friendly technologies for the rapid expansion of effective T cells are thus much desired and needed. Ideally, one would want a ready-to-use APC applicable to any patient, which permits selective expansion of potent T cells specific for any tumor antigen. Artificial APCs (AAPCs) have thus been developed to generate clinically relevant quantities of CTLs for the purpose of adoptive therapy (30) (31) (32) (33) (34) (35) (36) . AAPCs have been engineered to optimize the stimulation and expansion of CTLs by presenting antigen in the context of a specific HLA allele along with a variety of costimulatory molecules, including B7.1 (CD80), intercellular adhesion molecule-1 (ICAM-1; CD54), LFA-3 (CD58), and 4-1BB ligand (36) . For viral antigens, such as the influenza and cytomegalovirus (CMV) matrix peptides, the AAPCs are as effective as autologous dendritic cells, cytokine-stimulated monocytes, and EBV-transformed B cells (30, 35) . However, CTL responses to tumor antigens are more difficult to achieve than CTL responses to viral antigens (37-41); we therefore investigated the response elicited against hTERT starting from human peripheral blood T lymphocytes (PBL).
We show here that fibroblast-derived AAPCs transduced with cDNAs encoding human HLA-A*0201, B7.1, ICAM-1, and LFA-3 as well as the p540 or p865 peptide antigen from hTERT can be used to efficiently stimulate tumoricidal, hTERT-specific CTLs from several donors. Furthermore, stimulation of donor T cells with AAPCs expressing full-length hTERT generates tumoricidal T cells against both p540 and p865 epitopes, establishing that the murine AAPCs efficiently process and present both HLA-A*0201-restricted immunodominant epitopes to human T cells.
Materials and Methods
Vector construction. Bicistronic vectors encoding the encephalomyocarditis virus internal ribosomal entry site (42) and puromycin-Nacetyltransferase (30) were used to express the different peptide antigens used in this study. cDNAs were cloned into the NcoI and BamHI sites of the SFG vector (43) . The human CD8a leader was fused to the peptide antigens to target them to the endoplasmic reticulum (30) . These constructs were verified by DNA sequencing. Monocistronic vectors encoding the human h 2 -microglobulin, ICAM-1, LFA-3, and B7.1 were described previously (30) . The TIG vector encoding hTERT and enhanced green fluorescent protein (GFP) was described previously (44) .
Peptide antigen selection and synthesis. For the hTERT protein, two nonamer peptides were selected: (a) 540-548 ILAKFLHWL and (b) [865] [866] [867] [868] [869] [870] [871] [872] [873] RLVDDFLLV. Both peptides have been determined previously to have HLA-A*0201-binding motifs and both peptides have proven immunogenicity (24) . HLA-A*0201-binding efficiency was verified for these two peptides using two HLA-peptide-binding prediction models (45, 46) . The DNA oligonucleotide sequences corresponding to the peptide antigens were synthesized by Sigma-Genosys (Woodlands, TX). The oligonucleotide fragments were cloned into the SGF vector using the NcoI and BamHI restriction sites.
Gene transfer procedure. 293 GPG packaging cells (47) were transfected with each plasmid by calcium chloride method (48) . A total of 5 Â 10 4 NIH 3T3 cells were plated in a 6-cm plate and cultured in the presence of penicillin (100 units/mL) and streptomycin (100 units/mL). They were then infected with cell-free retroviral supernatant (0.45 Am filtration, Acrodisc, Pall Corp., Ann Arbor, MI) in the presence of polybrene (Sigma, St. Louis, MO) at 8 Ag/mL for 16 hours. Geneticin (Sigma) was added at 1.2 mg/ mL to the medium for 2 weeks to select the cells expressing A*0201. Puromycin (Sigma) was added at 3 Ag/mL to the medium for 1 week to select the cells expressing the vector-encoded peptide. If gene transfer was efficient (>95%), no cell purification was required. If gene transfer was less efficient, transduced cells were purified by using magnetic beads coated with monoclonal antibody (mAb) targeting human B7.1 (CD80), ICAM-1 (CD54), or LFA3 (CD58; Dynal, Oslo, Norway) or flow cytometry (Becton Dickinson, Franklin Lakes, NJ).
Construction of artificial antigen-presenting cells. NIH 3T3 mouse fibroblasts were transduced with retroviral vectors (30) encoding the human HLA-A*0201, B7.1 (CD80), ICAM-1 (CD54), and LFA-3 (CD58) proteins. The genetically engineered fibroblasts were also transduced with retroviral vector containing antigenic peptides or protein, so that the cells would present a single antigen in the context of a HLA-A*0201 molecule (Fig. 1) . Flow cytometric analysis was done to assess the efficiency of expression of HLA-A*0201 and of the costimulatory molecules B7.1, ICAM-1, and LFA-3 on the surface of the AAPCs. The AAPCs were selected for HLA-A*0201 (neomycin resistance), B7.1 [by fluorescence-activated cell sorting (FACS)], ICAM-1 (by FACS), and LFA-3 (by FACS) expression. Expression levels of all were analyzed before coculture with T cells. Expression levels for these proteins at the time of coculture were 100%.
Flow cytometry analysis. To analyze the phenotype of the AAPCs, fluorescent-labeled antibodies were used against human h 2 -microglobulin, HLA-A2 (mAb 8B; gift of Dr. Bo Dupont, Memorial Sloan-Kettering Cancer Center, New York, NY), B7.1 (PharMingen, San Diego, CA), ICAM-1, and LFA-3 (Becton Dickinson). FACS analysis was done before infection with the bicistronic vector encoding puromycin-N-acetyltransferase and the minigenes encoding the different peptide antigens (hTERT). For FACS analysis, tumor cells were washed in PBS containing 2% fetal bovine serum (FBS). Prediluted anti-human HLA-A*02 antibody (4 AL, 10:1) was added to each sample and incubated at room temperature for 30 minutes. Goat anti-mouse FITC (GAM-FITC, 4 AL; Becton Dickinson) was added to the cells for incubation at room temperature for 30 minutes. Cells were washed with PBS containing 2% FBS.
Human leukocyte antigen genotyping. DNA obtained from peripheral blood mononuclear cells (PBMC) was typed for HLA class I and II alleles by standard methods at the Clinical Histocompatibility Testing Laboratory, Memorial Sloan-Kettering Cancer Center.
T-cell purification. PBMCs were isolated by density gradient centrifugation on lymphocyte separation medium (Accurate Chemical & Scientific Corp., Westbury, NY). T cells were purified as described (49) . The T-cellenriched population was collected. Briefly, after lysis of the sheep RBC (Colorado Serum Co., Denver, CO) and three washes in PBS with 2% FBS, B cells, natural killer cells, monocyte macrophages, and activated T cells were depleted with a mAb cocktail with mouse IgG mAbs directed against CD11b, CD16, and HLA DP, DQ, and DR (PharMingen) at 1 Ag per 1 million cells for 30 minutes followed by a panning on Petri dishes coated with goat anti-mouse IgG as described (50) . After three washes in PBS with 2% FBS, the T cells were resuspended at a final concentration of 10 million cells/mL. T cells were maintained in AIM V medium (Life Technologies, Rockville, MD) without serum. Penicillin (100 units/mL) and streptomycin (100 Ag/ mL) were added to all the cultures. T-cell purity, as assessed by FACS analysis, was z98%.
Stimulation of antigen-specific CTLs. AAPCs were irradiated (1,500 Gy) and plated in a 24-well plate at a concentration of 10 5 cells/mL the day before stimulation in AIM V medium with 5% donor calf serum, 500 AL/well. T cells were resuspended in AIM V medium at a concentration of 2 Â 10 6 cells/mL and the following day were added to the AAPCs and cultured for 8 to 10 days. Interleukin-2 (Chiron, St. Louis, MO) was added to the culture Figure 1 . Schematic representation of NIH 3T3-derived AAPCs. After retroviral transduction, the murine fibroblasts express human HLA-A*0201 and h 2 -microglobulin as wells as the following costimulatory molecules: B7.1 (CD80), ICAM-1 (CD54), and LFA-3 (CD58). Finally, they contain the cDNA sequence for a tumor antigen.
after day 7 (20 IU/mL every third day). T cells were restimulated 10 to 14 days after induction (30) . Every third day, interleukin-2 at 20 IU/mL was added.
Cytotoxicity assays. Standard 51 Cr release assay was done using TAPdeficient HLA-A*0201 + T2 cells loaded with the different hTERT peptides (10 Amol/L for 1 hour at 37jC) before labeling with 51 Cr ( for 1 hour at 37jC). Five thousand peptide-pulsed, 51 Cr-labeled T2 cells were used per well in 96-well V-bottomed plates at different effector:target (E:T) ratios (1:100, 1:50, 1:25, 1:13, 1:6, 1:3, 1:2, 1:1) and incubated at 37jC for 4 hours. HLA-A*0201 + and HLA-A*0201 À human tumor cell lines were also used as 51 Cr-labeled targets. All human tumor cell lines were tested for expression of HLA-A*0201 and hTERT and used as positive and negative controls in the cytotoxicity assays. Finally, 51 Cr-labeled HLA-A*0201 + , hTERT À PBMCs were also used as an additional antigen specificity control. Human leukocyte antigen-peptide tetramer constructs. HLA-peptide tetrameric complexes were constructed for each peptide under investigation. The tetramers were constructed in the conventional way (51) using HLA-A*0201, h 2 -microglobulin, and one of the peptide antigens (p540 or p865) from hTERT. These peptides were synthesized by Cell Essentials (Boston, MA).
Telomerase repeat amplification protocol assay. Human leukemic cell lines, both HLA-A*0201 + and HLA-A*0201 À , were tested for expression of telomerase. The sensitive PCR-based method, known as telomerase repeat amplification protocol (TRAP) assay, was done (10) .
Telomerase activity of each sample was detected by the extension of oligonucleotide, which serves as the substrate for the telomerase, and followed by [g- 32 For the radioactive PCR reaction, the extract of each sample (2 AL; corresponding to the adjusted protein concentrations) was combined with the 48 AL reaction mixture containing a [g-32 P]ATP-labeled TS primer and 2 units Taq DNA polymerase. After a 30-minute telomerase extension reaction at room temperature, samples were subjected to PCR for 27 cycles followed by electrophoresis on 12% PAGE.
Results
Activation of human telomerase reverse transcriptase p865-specific CTLs using artificial antigen-presenting cells. We first generated AAPCs expressing the hTERT p865 epitope (AAPC A*0201p865 ; Fig. 1 ) and sought to expand p865 peptidespecific CTLs from HLA-A*0201 + donors. Peripheral blood T cells from HLA-A*0201 + individuals were stimulated with AAPCs transduced with a bicistronic retroviral vector encoding the cDNA sequence for the HLA-A*0201-restricted p865 peptide (RLVDDFLLV) from hTERT ( Fig. 2A) . T cells from the same individual were simultaneously stimulated by AAPC A*0201 , lacking the p865 minigene, as a control culture. Before stimulation, there were <0.01% p865-specific CD8 + T cells detectable by HLA-peptide tetramer FACS analysis. After five stimulations, 4.9 F 1% p865 tetramer-positive CD8 + T cells were generated (n = 4 experiments . A, SFG vectors containing minigene encoding the hTERT HLA-A*0201-restricted epitope p865. SD, splicing donor site; SA, splicing acceptor site; W + , extended packaging signal; pep., peptide sequence; puro R , puromycin resistance coding sequence. B, HLA-peptide tetramer specific for the hTERT p865 peptide analysis of a T-cell culture from a HLA-A*0201 + donor stimulated five times with AAPCs containing the p865 minigene. C, 51 Cr release cytotoxicity assay using T cells from the same HLA-A*0201 + donor stimulated five times with AAPCs containing minigenes for the p865 peptide (n and y) or a flu peptide (E) against HLA-A*0201 + T2 cells loaded with p865 peptide ( y and E) or the Db126 Wilms' tumor gene peptide (n). D, HLA-peptide tetramer specific for the hTERT p865 peptide analysis of a T-cell culture from the same HLA-A*0201 + donor stimulated five times with AAPCs lacking the p865 minigene. with the same donor) using AAPC A*0201p865 (Fig. 2B) , whereas <0.1% p865 tetramer-positive CD8 + T cells were generated using AAPC A*0201 (Fig. 2C) . The T-cell culture stimulated with AAPC A*0201p865 had peptidespecific cytolytic activity against TAP-deficient HLA-A*0201 + T2 cells pulsed with the p865 peptide in a 51 Cr release assay (Fig. 2D) . The p865-stimulated T cells exhibited 92% lytic activity of T2 cells pulsed with the p865 peptide, whereas 14% killing was noted of T2 cells loaded with a control HLA-A*0201-restricted peptide for the Wilms' tumor gene (RMFPNAPYL) at an E:T ratio of 50:1. T cells from the same donor stimulated by AAPC A*0201flu containing the minigene for the HLA-A*0201-specific, influenza matrix proteinderived peptide [58] [59] [60] [61] [62] [63] [64] [65] [66] (GILGFVFTL) generated 4% killing of T2 cells pulsed with p865 peptide at an E:T ratio of 50:1.
Activation of human telomerase reverse transcriptase p540-specific CTLs using artificial antigen-presenting cells. Having generated AAPCs expressing the hTERT p540 epitope (AAPC A*0201p540 ), we sought to expand p540-specific CTLs from HLA-A*0201 + donors. Peripheral blood T cells from HLA-A*0201 + individuals were stimulated with AAPC A*0201p540 , transduced with a bicistronic retroviral vector encoding the cDNA sequence for the HLA-A*0201-specific p540 peptide (ILAKFLHWL) from hTERT ( Fig. 3A) . T cells from the same individual were simultaneously stimulated by AAPC A*0201 , lacking the p540 minigene, as a control culture. Before stimulation, there were <0.01% p540-specific CD8 + T cells detectable by HLA-peptide tetramer FACS analysis. After four stimulations, 4.7 F 1.9% p540 tetramer-positive CD8 + T cells were generated (n = 4 experiments with the same donor) using AAPC A*0201p540 (Fig. 3B) , whereas 0.1% p540 tetramer-positive CD8 + T cells were generated using AAPC A*0201 lacking the minigene (Fig. 3C) .
The T-cell culture stimulated with AAPC A*0201p540 had peptidespecific cytolytic activity against TAP-deficient HLA-A*0201 T2 cells pulsed with the p540 peptide in a 51 Cr release assay (Fig. 3D) . The p540 T-cell culture had 82% killing of T2 cells pulsed with the p540 peptide, whereas 21% killing was noted of T2 cells loaded with a control HLA-A*0201-restricted peptide for the Wilms' tumor gene (RMFPNAPYL) at an E:T ratio of 50:1. T cells from the same donor stimulated by AAPC A*0201flu generated 4% killing of T2 cells pulsed with p540 peptide at an E:T ratio of 50:1.
Activation of human telomerase reverse transcriptasespecific CTLs using AAPC A*0201hTERT-GFP . To assess the ability of fibroblast-derived AAPCs to process hTERT protein for presentation of HLA-A*0201-restricted peptides, we transduced AAPCs with a retroviral vector encoding the full-length hTERT (Fig. 4B and C) . We next sought to expand p865 and p540 hTERT peptide-specific CTLs from HLA-A*0201 + donors. T cells from HLA-A*0201 + individuals were stimulated four times with AAPC A*0201hTERT-GFP or AAPC A*0201 as a control culture. Before stimulation, there were <0.01% p540-or p865-specific CD8 + T cells detectable by HLApeptide tetramer FACS analysis. After four stimulations, 2.1 F 0.4% p865 and 1.8 F 0.3% p540 tetramer-positive CD8 + T cells were generated (n = 3 experiments) using AAPC A*0201hTERT-GFP (Fig. 4A ), whereas 0.1% p865 or p540 tetramer-positive CD8 + T cells were generated using AAPC A*0201 lacking the hTERT gene (Fig. 4D) . The T-cell culture stimulated with AAPC A*0201hTERT-GFP had peptide-specific cytolytic activity against TAP-deficient HLA-A*0201 + T2 cells pulsed with either p865 or p540 peptide in a 51 Cr release assay (Fig. 4E) . The T-cell culture had 23% and 30% killing of T2 cells pulsed with the p865 and p540 peptides, respectively, with only 12% killing of T2 cells loaded with the control Db126 WT1 peptide at an E:T ratio of 30:1. T cells from the same donor stimulated by AAPC A*0201flu generated 3% and 4% killing of T2 cells pulsed with p865 and p540 peptides, respectively, at an E:T ratio of 30:1, establishing that the . hTERT-specific CTLs were obtained from all three HLA-A*0201 + individuals when stimulating with the AAPCs four or five times (Fig. 5) . After four stimulations of donor 1 T cells, AAPC A*0201p865 and AAPC A*0201p540 generated 1.5% and 1.7% tetramerpositive cells, respectively. The same donor 1 T cells stimulated four times with AAPC A2.1hTERT-GFP generated 2.7% and 2.1% p865-and p540-specific CTLs, respectively. Four stimulations with AAPC A*0201p865 and AAPC A*0201p540 of donor 2 T cells generated 1.9% and 7.9% tetramer-positive cells, respectively. The same donor 2 T cells stimulated four times with AAPC A*0201hTERT-GFP generated 1.7% and 1.4% p865-and p540-specific CTLs, respectively. Five stimulations with AAPC A*0201p865 and AAPC A*0201p540 of donor 3 T cells generated 5.9% and 2.1% tetramer-positive cells, respectively. The same donor 3 T cells stimulated four times with AAPC A*0201hTERT-GFP generated 1.9% and 1.5% p865-and p540-specific CTLs, respectively. The level of p865 and p540 tetramer positivity for control culture T-cell populations stimulated with AAPC A*0201 lacking the p865 or p540 minigenes was 0.1%.
Expansion of CTL populations using artificial antigenpresenting cells. We did repeated stimulations of T-cell populations from donors to quantify the absolute number of hTERT-specific T cells that could be generated with the use of the AAPCs. T-cell populations from HLA-A*0201 + individuals were stimulated with AAPC A*0201p865 . During the first cycle of stimulation, cell numbers increased from 0.7 Â 10 6 to 3.1 Â 10 6 (4.8 F 1-fold increase) for T cells stimulated with the AAPC A*0201p865 compared with 0.7 Â 10 6 to 1.3 Â 10 6 for cells stimulated with empty AAPC A*0201 (1.9 F 0.3-fold increase). The expansion experiment was repeated thrice with a single donor. The p865 tetramer-positive T cells expanded from <700 to 80 F 18 Â 10 6 cells over five stimulations and 109 days (88,000-to 140,000-fold increase; Fig. 6 ).
Human telomerase reverse transcriptase expression by human tumor cell lines. To assess the level of hTERT antigen expression by human tumor cell lines, we did a TRAP assay on the lines. hTERT expression by the eight human tumor cell lines was measured by TRAP assay (Fig. 7A ) using the radioactive quantitative protocol. High levels of telomerase activity were noted in seven of eight human tumor cell lines tested: K562 (erythroleukemia), K562-A2 (HLA-A*0201 transduced), SKLY-18 Figure 4 . Induction of hTERT-specific CTLs using AAPC A*0201hTERT-GFP . A, HLA-peptide tetramer specific FACS for either the hTERT p540 or p865 peptide analysis of a T-cell culture from a HLA-A*0201 + donor stimulated four times with AAPCs containing the full-length hTERT gene with GFP. B, SFG bicistronic vector containing cDNA encoding the full-length hTERT protein with GFP. hTRT, hTERT sequence; GFP, green fluorescent peptide sequence. C, FACS analysis of NIH 3T3 cells, gating on GFP, after transduction with the bicistronic hTERT-GFP vector reveals 94% transduction. D, HLA-peptide tetramer specific for either the hTERT p540 or p865 peptide analysis of a T-cell culture from the same HLA-A*0201 + donor stimulated four times with AAPCs lacking the full-length hTERT-GFP gene. E, 51 Cr release cytotoxicity assay using T cells from the same HLA-A*0201 + donor stimulated four times with AAPCs containing the full length hTERT-GFP gene (n, y , and Â) or a flu peptide (E and .) against HLA-A*0201 + T2 cells loaded with p865 peptide ( y and E), p540 peptide (n and .), or the Db126 Wilms' tumor gene peptide (Â). (lymphoma), LNCaP (prostate cancer), 721.221 (lymphoma), PC3 (prostate cancer), and Raji (Burkitt's lymphoma), whereas one cell line, SK-Mel-29 (melanoma), showed lower telomerase activity. Heat-inactivated control samples were also run for each tumor cell line, and it was apparent that there was an absence of telomerase activity in all of the heat-inactivated samples. The positive control sample (provided in the TRAPeze kit) also had excellent telomerase activity in the TRAP assay.
AAPCs Present Telomerase Epitopes
HLA-A*0201 expression by human tumor cell lines. To evaluate the relative HLA expression by the panel of human tumor cell lines, we did FACS analysis with a HLA-A*02-specific antibody. HLA-A*0201 expression was determined for all human tumor cell lines (Fig. 7B) Tumoricidal activity of human telomerase reverse transcriptase-specific CTLs stimulated by artificial antigenpresenting cells. To assess the tumoricidal activity of AAPCstimulated hTERT-specific CTLs, we did 51 Cr release assays against a panel of human tumor cell lines with variable hTERT and HLA expression. 51 Cr release assay of hTERT-specific CTLs against human tumor cell lines was done. Eight human hTERToverexpressing tumor cell lines were identified by TRAP assay (Fig. 7A ). Of these cell lines, four (K562-A2.1 transduced, SK-Mel-29, SKLY-18, and LNCaP) were found to be HLA-A*0201 + and four (K562, 721.221, Raji, and PC3) were found to be HLA-A*0201 . Using a T-cell culture containing 2.2% tetramer-positive p540 cells, 51 Cr release assay revealed that all four HLA-A*0201 + , hTERT + tumor cell lines were lysed (Fig. 8A) , whereas the HLA-A*0201
À , hTERT + cell lines were not lysed. Ninety-two percent and 72% cytotoxicity were seen against SKLY-18 and K562-A2, respectively, whereas 63% and 57% of SK-Mel-29 and LNCaP were lysed, respectively, at an E:T ratio of 50:1. The HLA-A*0201 À , hTERT + cell lines were all lysed at V10% at the same E:T ratio. Using a T-cell culture containing 2.5% tetramer-positive p865 cells, 51 Cr release assay revealed that all four HLA-A*0201 + , hTERT (Fig. 8B) , whereas the HLA-A*0201 À , hTERT + cell lines were not lysed. One hundred percent and 62% cytotoxicity were obtained against K562-A2 and SKLY-18, respectively, whereas 38% and 32% of SK-Mel-29 and LNCaP were lysed, respectively, at an E:T ratio of 50:1. The HLA-A*0201 À , hTERT + cell lines were all lysed at V10% at the same E:T ratio.
Using a T-cell culture containing 2.4% and 3.0% tetramer-positive p540 and p865 cells, respectively, stimulated with the use of AAPC A*0201hTERT-GFP , 51 Cr release assay revealed that all four HLA-A*0201 + , hTERT + tumor cell lines were lysed (Fig. 8C ), whereas the HLA-A*0201 À , hTERT + cell lines were not lysed. Seventy percent and 44% cytotoxicity were obtained against K562-A2 and SKLY-18, respectively, whereas 20% and 24% of SK-Mel-29 and LNCaP were lysed, respectively, at an E:T ratio of 30:1. The HLA-A*0201 À , hTERT + cell lines were all lysed at V10% at the same E:T ratio. T cells from the same individual stimulated five times with AAPC A*0201flu or AAPC A*0201 were included in the 51 Cr release assay against the human tumor cell lines. Neither T-cell culture had significant cytolytic activity against either HLA-A*0201 + or HLA-A*0201 À tumor cell lines (Fig. 8) . Finally, T cells from a HLA-A*0201 + donor were stimulated four times with either AAPC A*0201p540 , AAPC A*0201p865 , or AAPC A*0201hTERT-GFP and were included in the 51 Cr release assay against the hTERT + tumor cell line K562-A2 and against hTERT À PBMCs from a HLA-A*0201 + donor. The hTERT + K562-A2 cells were lysed by all three T-cell cultures, whereas the hTERT À PBMCs were not lysed (Fig. 9 ). This speaks to the antigen-specific nature of the cytolysis produced by the T-cell cultures stimulated by the hTERTcontaining AAPCs.
Correlation of CTL tumoricidal activity and tumor expression of human telomerase reverse transcriptase and human leukocyte antigen. The tumoricidal activity of hTERT-specific CTLs was examined in relation to the level of hTERT and HLA-A*0201 expression by the tumor cell line ( Table 1 ). The 51 Cr release assay experiments revealed that the HLA-A*0201 À cell lines were not lysed by the p865 CTLs, whereas HLA-A*0201 + tumor cell lines that overexpressed hTERT were lysed. The level of cytolytic activity correlated with the level of antigen and HLA expression by the 
Discussion
In this study, we showed the ability of AAPCs to generate telomerase-specific tumoricidal CTLs from several HLA-A*0201 + individuals. These results establish that AAPCs represent a ready and replenishable supply of APCs for stimulation of tumor-specific peripheral blood CTLs. We show that AAPCs engineered to express the p865 and p540 peptides derived from hTERT can both stimulate and expand functional antigen-specific CTL populations as shown by tetramer FACS analyses and 51 Cr release assays. The p540-and p865-specific CTLs had cytolytic activity against peptide-loaded T2 cells and against tumor cell lines expressing their endogenous hTERT antigen. The hTERT-specific CTLs lysed peptide-pulsed targets and tumor cells in a HLA-restricted manner.
There is debate about whether the p540 peptide is naturally processed by tumors. Ayyoub et al. (53) reported that p540-specific clones failed to recognize telomerase-positive HLA-A*0201 + tumor cells. However, three other groups (20, 21, 24) reported excellent tumoricidal activity of p540-specific CTLs. Lev et al. (54) recently reported the isolation of an antibody that recognizes the p540 antigen in the context of HLA-A*0201 and that this antibody recognizes this complex on tumor cells, which also supports the assertion that p540 protein is naturally processed by tumor cells. Vonderheide et al. (20) recently published their clinical trial of p540 peptide-loaded autologous dendritic cell vaccination of cancer patients. The p540 CTLs induced in cancer patients had cytolytic activity against human tumor cells, and there was evidence of antitumor activity in the study, suggesting that the p540 antigen is a relevant immunotherapeutic target. Our findings further establish that the hTERT p540 peptide is presented by human tumors and can be a target for CTL-mediated tumor lysis.
Parkhurst et al. (55) recently published a report arguing against the utility of the p540 antigen as an immunologic target. The investigators immunized patients with p540 peptide and then harvested PBMCs from the patients. The p540-specific CTLs, generated with in vitro peptide-pulsed PBMC stimulation, did not have cytolytic activity against telomerase-expressing tumors. These results differ from the results in our study in which p540 CTLs have clear tumoricidal activity. The major difference between their study and ours is that they derived their p540 CTL from patients vaccinated with p540 peptide, whereas we used unvaccinated normal donors. T cells from patients may be different from normal individuals in terms of their ability to be stimulated against the p540 antigen and in terms of their tumoricidal activity. Furthermore, peptide vaccination of patients might alter the function of the p540 CTLs harvested from the patients. Finally, our AAPCs might well provide a more potent stimulation signal to p540 CTLs than the peptide-pulsed PBMCs used in the Parkhurst et al. study. In their study, no p540-specific T cells could be generated, with in vitro stimulation, from the patients without vaccination with the p540 peptide.
The AAPCs provided potent stimulation of hTERT-specific CTLs. Over the course of 109 days (and five stimulations with AAPC A*0201p865 ), p865 CTLs expanded from <700 total cells to 80 Â 10 6 cells, a potentially relevant number of CTLs for adoptive cell therapy. Several clinical trials of adoptive cellular therapy targeting tyrosinase, MART-1, gp-100, and Melan-A antigens or autologous tumor have used from 0.25 Â 10 8 to 7 Â 10 10 total T cells to treat cancer patients in early-phase clinical trials (7-9, 56, 57) . In this study, we have generated nearly 1 Â 10 8 hTERTspecific CTLs following repeated stimulations. Importantly, the p865 CTLs maintained high cytolytic activity against pulsed targets and tumor cells after five cycles of stimulation. More than 90% of the T cells in the culture were CD8 + after five cycles of stimulation with AAPCs expressing B7.1, LFA-3, and ICAM-1.
Because the AAPCs are constructed from murine fibroblasts, the possibility exists that the AAPCs will present mouse antigens within the context of HLA-A*0201, which could lead to the induction of CTLs specific for murine antigen. This assumption may be supported by the fact that hTERT-specific CTLs generally represent <10% of the total cells sustained in the culture after multiple stimulations. This observation is true for the hTERT antigens and WT1 antigen. 3 In contrast, viral antigens from CMV or flu (influenza virus matrix protein) induce much higher percentages (f30-70%) of antigen-specific CTLs in the same AAPC system (30, 35) . Furthermore, the T-cell repertoires against the autoantigens hTERT and WT1 and the viral antigens are different. The modest precursor frequency of hTERT-specific CTLs may reflect the weak proliferation compared with CMV or flu. The affinity/avidity of the T-cell receptors is also different. In the case of autoantigens, central and peripheral tolerance plays a role, whereas for viral antigens the response is a memory response that induces more potent proliferation. Thus, perhaps high affinity antigens, such as CMV or flu, overcome competition from the murine antigens for presentation on HLA more efficiently than autoantigens. The hTERT-specific T cells generated by the AAPCs have roughly 2 orders of magnitude less avidity for their targets than their positive control ( flu) specific T cells. It is possible to increase the percentage of antigen-specific CTLs by sorting the cells after staining with tetramer and isolating the positive cells using magnetic beads loaded with anti-PE antibody (Miltenyi system). We (35) and others (33) have applied this approach to obtain higher percentages of antigen-specific CTLs that could be further expanded with AAPCs or anti-CD3/CD28 mAbs. Importantly, this study reveals that murine fibroblast-derived AAPCs that have been transduced with the full-length hTERT cDNA have the ability to express and process the hTERT protein as well as present the immunodominant p865 and p540 peptides in a HLA-A*0201-restricted manner. Thus, the AAPC A*0201hTERT-GFP can stimulate and expand both p865 and p540 tetramer-positive CTLs, whereas AAPC A*0201 , which lacks the full-length hTERT, does not. These findings extend our findings with the CMV pp65 (35) to a human tumor antigen. Furthermore, the AAPC A*0201hTERT-GFP -stimulated CTLs have cytolytic activity against pulsed targets and against HLA-matched, hTERT-expressing tumors. These findings suggest that the cellular machinery of fibroblast-derived AAPCs transduced with any tumor antigen cDNA could be used to identify and/or present immunodominant peptides restricted by the cotransduced HLA type and allow for the induction of tumorspecific CTLs without prior knowledge of the immunogenic epitopes of the antigen.
We investigated the tumoricidal activity of hTERT-specific CTLs against a panel of human tumor cell lines and found variable levels of cytolysis (Table 1) . Although the variability could be accounted for by alloreactivity or differential sensitivity to specific tumoricidal signals, it is noteworthy that tumor sensitivity seemed to be proportional to the hTERT activity by TRAP assay and HLA-A*0201 expressed by the cell line. We found that SK-Mel-29 and LNCaP were consistently lysed to a lesser extent than the other HLA-A*0201 + and hTERT-expressing cell lines tested. In fact, SKMel-29 had much lower telomerase activity by TRAP assay than the other cell lines, and LNCaP cells had much lower HLA-A*0201 expression than the other cell lines tested. Lower hTERT activity and lower HLA-A*0201 expression by LNCaP cells could thus account for the lesser cytolysis. This result is consistent with findings indicating that tumors can escape immune surveillance by down-regulating HLA (58) (59) (60) or antigen (39, 61) . It is also notable that the hematologic tumor cells (K562-A2 and SKLY-18) were lysed more effectively than the solid tumors (SK-Mel-29 and LNCaP). Interestingly, K562-A2 was consistently lysed more effectively by p865 CTLs than SKLY-18 tumor cells, whereas SKLY-18 was consistently lysed more effectively by p540 CTLs in contrast to K562-A2. It is thus possible that K562-A2 cells process or present the p865 antigen more effectively, whereas SKLY-18 tumor cells better process or present the p540 antigen. This finding suggests that different tumor types may differentially process and/or load potential epitopes onto their HLA molecules.
Altogether, our results obtained with fibroblast-derived AAPCs transduced with retroviral vectors encoding the p865 or p540 hTERT epitopes or the full-length hTERT cDNA establish that this system is a practicable approach for the induction of possibly clinically relevant numbers of hTERT-specific CTLs. Furthermore, our finding that the murine cells can process full-length hTERT protein and load the immunodominant p865 and p540 peptides onto HLA-A*0201 suggests a general approach for stimulating CTLs against dominant, cryptic, or unknown epitopes, which could be useful for epitope discovery as well as for adoptive immunotherapy.
